Helicobacter mustelae, like Helicobacter pylori, possesses two flagellin proteins, FlaA and FlaB. Isogenic mutant strains of H. mustelae have been constructed by disruption of the flaA or flaB gene with a kanamycin resistance cassette or by introduction of both a kanamycin and a chloramphenicol resistance gene to produce a double mutant. To determine whether one or both flagellin proteins are necessary for colonization and persistence of infection with H. mustelae, 19 ferrets, specific pathogen free for H. mustelae, were given either the HMF1 flaA::km (weakly motile), ATCC 43772 flaB::km (moderately motile), or HMF1 flaA::cat flaB::km (nonmotile) mutant strain, the wild-type parent strains, or sterile broth. Gastric tissue samples were obtained during sequential gastric biopsies beginning at 3 weeks postinoculation and ending at necropsy at 3 months postinoculation. H. mustelae infection status was determined by culture, histology, and serology. The wild-type parent strains of H. mustelae infected all ferrets at all time points. The double-mutant strain was unable to colonize; the flaA and flaB single-mutant strains were able to initially colonize at a low level and establish persistent infection with increasing numbers of organisms over time. The severity of gastritis produced by infection with these strains of H. mustelae correlated with the number of organisms present in the gastric mucosa. Flagellar motility is an important virulence factor for colonization and pathogenesis in the H. mustelae ferret model.
The ability of Helicobacter spp. to traverse the viscous gastric mucus is considered essential for colonization and persistence of infection (1, 14, 17, 22) . Helicobacter spp. produce multiple flagella consisting of a basal motor and hook structure and a central filament surrounded by a membranous sheath (15, 16, (18) (19) (20) (21) . Helicobacter pylori possesses a bundle of unipolar flagella, while Helicobacter mustelae possesses multiple polar or subterminal flagella and several lateral flagella. The flagella of H. pylori and H. mustelae are composed of two flagellin proteins, FlaA and FlaB (15, 16, 21) . The major flagellin protein, FlaA (53 kDa), is mainly located in the distal part of the filament. The minor flagellin protein, FlaB (54 kDa), is mainly located in the proximal part of the filament. Although the flagellin proteins have similar molecular weights and are both acidic, they show only 57% amino acid identity. The flagellins of H. pylori show an approximately 80% amino acid identity to the corresponding flagellins of H. mustelae (21) .
Flagellar motility was shown to be a potential virulence factor for Helicobacter spp. in studies of naturally occurring variants of H. pylori in the gnotobiotic piglet (2) . In these studies, the most motile strain produced a 100% infection rate while the weakly motile or least motile strain produced a 40 or 17% infection rate, respectively. Recent studies with isogenic mutant strains of H. pylori lacking either FlaA, FlaB, or both have demonstrated that colonization was significantly reduced at 2 days postinoculation for the double-mutant strain and at 2 and 4 days for the single-mutant strains (3) . The double-mutant strain could not be recovered at 4 and 10 days postinoculation, and the single-mutant strains could not be recovered at 10 days postinoculation.
Isogenic mutant strains of H. mustelae lacking either FlaA, FlaB, or both have been constructed previously (15, 21) . By periodic endoscopic gastric biopsy, the H. mustelae ferret model (4) (5) (6) (8) (9) (10) (11) (12) allows the assessment of colonization and persistence of infection as well as the development of gastric pathology throughout the course of infection. The objective of the present studies was to determine whether one or both flagellin proteins are necessary for colonization and persistence of infection with H. mustelae in the ferret. Two wild-type parent strains and three isogenic mutant strains of H. mustelae were used in this study ( Table 1) . The isogenic mutant strains were constructed by electroporationmediated allelic exchange (15) . The genotype of the isogenic mutant strains was verified by Southern blot hybridization, and expression of flagellin genes was assessed by Western blot analyses (15) . Phenotypically, flaA mutants had short, truncated flagella and were weakly motile; flaB mutants had normal-appearing flagella but were only moderately motile; and flaA flaB double mutants had no flagella and were completely nonmotile (15) .
The H. mustelae strains were grown on Trypticase soy agar containing 5% sheep blood (TSAII-5% SB; BBL Microbiology Systems, Cockeysville, Md.) at 37ЊC in vented jars containing 90% N 2 , 5% H 2 , and 5% CO 2 . All cultures were catalase, oxidase, and urease positive. Gram staining and phase-contrast microscopy indicated morphology consistent with H. mustelae. Under phase-contrast microscopy, the flaA and flaA flaB mutant strains exhibited abnormal motility while the flaB mutant strain showed motility comparable to that of the parent strains. Kanamycin and chloramphenicol resistance was assayed by plating on TSAII-5% SB plates with 30-g kanamycin discs or 30-g chloramphenicol discs (Sensi-Disc; BBL Microbiology Systems) or both. Parent strains were sensitive to both antibiotics, flaA and flaB mutant strains were resistant to kanamycin, and the flaA flaB mutant strain was resistant to both antibiot-ics. Organisms were harvested from plates into brucella broth (Difco Laboratories, Detroit, Mich.) with 30% glycerol and kept on ice prior to administration to ferrets. A sample was taken to determine the approximate concentration of organisms by optical density. Biopsy samples were cultured for H. mustelae by tissue homogenization in 1.0 ml of sterile phosphate-buffered saline and plating on TSAII-5% SB plates and brucella blood agar-TVP plates (Remel, Lenexa, Kans.). Quantitative cultures were performed at specified time points by weighing the biopsy sample and making 10-fold dilutions (10 0 to 10
Ϫ4
) of the homogenate. Cultures were checked for growth every 3 days for 2 weeks (11) . H. mustelae strains isolated from ferrets were tested for reversion by assessing motility and antibiotic resistance patterns for each strain. All strains retained their appropriate genotype and phenotype throughout the study, indicating no reversion.
Nineteen ferrets specific pathogen free (SPF) for H. mustelae were chosen from the SPF ferret colony maintained by the Division of Comparative Medicine at the Massachusetts Institute of Technology and randomly placed into six groups (Table  1) . Ferrets were housed individually in stainless steel (Research Equipment Co., Bryan, Tex.) or plastic (MediCage; Lock Solutions, Inc., Kenilworth, N.J.) cages. Ferrets were given water and ferret chow (Lab Diet #5L14; PMI Feeds, Inc., St. Louis, Mo.) ad libitum. Groups of ferrets were housed in separate cubicles or rooms to prevent cross-contamination between groups.
Baseline endoscopic gastric biopsy (10) was performed to confirm the SPF status of the ferrets. Blood (2 ml) was collected by jugular venipuncture for the determination of anti-H. mustelae immunoglobulin G (IgG) antibody titers. Two weeks after the baseline biopsy, ferrets in groups II through VI were inoculated by gavage with 3 ml of broth containing approximately 1.0 ϫ 10 7 CFU of the appropriate strain of H. mustelae per ml. Ferrets in group I received 3 ml of sterile broth. Endoscopic gastric biopsy was performed at weeks 3, 7 or 8, and 11 postinoculation. All ferrets were euthanatized at week 11 or 12 postinoculation. Gastric tissues were obtained for culture, quantitative culture, and histopathology. Tissues were fixed in neutral buffered 10% formalin, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin for histopathology and with Warthin-Starry silver stain to demonstrate H. mustelae. Sera were collected at each time point and frozen at Ϫ20ЊC prior to analysis. An enzyme-linked immunosorbent assay (ELISA) to determine the level of IgG antibody to H. mustelae by using whole-cell sonicates of H. mustelae ATCC 43772 as antigen (6, 7, 10) was performed in 96-well tissue culture plates (Costar, Cambridge, Mass.) with commercially available goat anti-ferret IgG-alkaline phosphatase conjugate (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.). All ELISAs were performed at the same time. Statistical analysis of quantitative culture results was performed by using a two-sample t test with unequal variance (Microsoft Excel) and a repeated-measure analysis of variance (ANOVA).
Prior to inoculation of the H. mustelae strains, all 19 ferrets were confirmed to be uninfected with H. mustelae based on urease assay (13), serology, culture, and histopathology (Table  2) .
Ferrets in group I received sterile broth and remained uninfected and seronegative throughout the study (Table 2) . Histopathology from ferrets in group I was limited to minimal numbers of lymphocytes and occasional neutrophils scattered throughout the subglandular portions of cardiac, body, and antral mucosae (Fig. 1a) . Warthin-Starry staining revealed no evidence of H. mustelae.
Ferrets in group II received the wild-type parent strain, H. mustelae ATCC 43772 (American Type Culture Collection [ATCC]), for the flaB mutant strain, and all four ferrets in this group became infected with the organism (Tables 2 and 3) . Ferrets in group II became seropositive beginning at 3 weeks postinoculation and remained so for the duration of the study ( Table 2 ). The histopathology of ferrets in group II consisted of a mild diffuse leukocytic infiltrate in the subglandular portion of the cardiac and antral mucosae, composed primarily of lymphocytes and occasional neutrophils. There were also occasional focal lymphoid aggregates and small clusters of leukocytes scattered throughout the cardiac and antral laminae propriae. Minimal lymphocytic infiltration was present in the subglandular portion of the body mucosa (Fig. 1b) . The presence of H. mustelae coincided with the severity of inflammation. Moderate numbers of organisms were observed within the crypts of glands and the gastric pits throughout the antral mucosa and scattered throughout the cardiac mucosa, with fewer organisms being present in the body mucosa. Ferrets in group III received the wild-type parent strain, H. mustelae HMF1, for the flaA and flaA flaB mutant strains, and both ferrets in this group became infected with the organism (Tables 2 and 3 ). Ferrets in group III became seropositive beginning at 3 weeks postinoculation and remained so for the duration of the study ( Table 2 ). The histopathology of ferrets in group III was very similar to that of ferrets in group II (Fig.  1c) .
Ferrets in group IV received the ATCC flaB::km isogenic mutant strain. All four ferrets became infected with the organism at all time points (Table 2) . Quantitative cultures, performed at 8 weeks postinoculation, showed that the ferrets in group IV had levels of colonization comparable to those of ferrets inoculated with the ATCC parent strain (P ϭ 0.42 [antrum] and P ϭ 0.17 [body]; two-sample t test) ( Table 3) . Ferrets in group IV became seropositive beginning at 3 weeks postinoculation and remained so for the duration of the study ( Table 2 ). The histopathology of ferrets in group IV was sim- ilar to that of the positive control group, although the former showed a slightly reduced level of inflammation (Fig. 1d) . Numerous H. mustelae organisms were seen in the gastric mucosae from these ferrets.
Ferrets in group V received the HMF1 flaA::km isogenic mutant strain. Although quantitative cultures were not performed at 3 weeks postinoculation, only a few colonies were recovered from each ferret ( Table 2) . When quantitative cultures were performed at 7 and 11 weeks, only one ferret was positive by culture, and it had an approximately 10-to 100-fold reduction in the level of colonization compared to the positive control group (group III) (Tables 2 and 4) . At 12 weeks, two ferrets were culture positive but still had reduced levels of colonization (Tables 2 and 4 ). Statistical analysis of quantitative culture results by repeated-measure ANOVA showed a strong trend towards a reduced level of colonization by the flaA mutant strain compared to the HMF1 parent strain, particularly in the gastric antrum (P ϭ 0.06 [antrum]; P ϭ 0.14 [body]) (Table 4) . Ferrets in group V were intermittently seropositive, but only at low titers, beginning at 3 weeks postinoculation ( Table 2 ). The histopathology of ferrets in group V was decreased from that of the positive control group with a minimal inflammatory response (Fig. 1e) .
Ferrets in group VI received the HMF1 flaA::cat flaB::km isogenic double-mutant strain. All four ferrets in this group remained uninfected based on culture and histopathology throughout the study (Tables 2 and 4) . Ferrets in group VI were intermittently seropositive, but only at low titers, beginning at 3 weeks postinoculation ( Table 2 ). The histopathology of ferrets in group VI was limited to minimal numbers of lymphocytes and occasional neutrophils scattered throughout the subglandular portions of the cardiac, body, and antral mucosae (Fig. 1f) . Warthin-Starry staining revealed no evidence of H. mustelae.
Our results show that flagellar motility is important for colonization of the gastric mucosa of the ferret by H. mustelae. The ATCC flaB::km isogenic mutant strain of H. mustelae was moderately motile and was able to colonize the ferret stomach at normal levels by 8 weeks postinoculation (Table 3) . Ferrets receiving the flaB mutant strain developed an immune response comparable to that shown by the positive control group as measured by ELISA ( Table 2 ). The F1 flaA::km isogenic mutant strain was only weakly motile and was able to colonize the ferret stomach but only at reduced levels (Table 4) . Although the flaA mutant strain had impaired motility, it was still able to colonize and persist at a reduced level of infection in two of three ferrets. This reduction in the level of colonization by the flaA mutant strain approached statistical significance in the gastric antrum (P Ͼ 0.06); however, statistical analysis was limited by the small number of ferrets per group in this study. The reduced level of infection of the flaA mutant strain resulted in a diminished inflammatory response in the gastric mucosa and a minimal systemic IgG immune response. The HMF1 flaA::cat flaB::km isogenic double mutant was completely nonmotile and was unable to colonize the ferret stomach (Tables 2 and 4 ). We were unable to recover or demonstrate organisms from any of the ferrets in this group. No gastritis was observed in the ferrets in this group. However, ferrets inoculated with the double-mutant strain did develop a minimal systemic immune response similar to that shown by group V, possibly due to exposure to high numbers of organisms at inoculation. Our results are similar to the findings from recent studies of H. pylori flagellar mutant strains in the gnotobiotic piglet (3) but with some notable differences. In the piglet, both the flaA and flaB mutant strains showed only weak colonization at 2 and 4 days postinoculation and could not be recovered at 10 days postinoculation. In the ferret, the flaB mutant strain of H. mustelae colonized at normal levels by 8 weeks postinoculation (Table 3) . Colonization for the flaA mutant strain was reduced 10-to 100-fold in comparison to the wild-type parent strain ( Table 4 ). The reduced levels of colonization we found in the ferret were not as dramatic as the results from the piglet. However, since the time of sampling postinoculation was very different between the studies it is difficult to compare results. Furthermore, H. mustelae may be inherently better able to colonize since wild-type H. mustelae is generally more motile than wild-type H. pylori and the H. mustelae mutant strains are also more motile than the respective H. pylori mutant strains (15) .
Since we were interested in the ability of flagellar mutant strains of H. mustelae to colonize and persist in the ferret, we began our sampling at 3 weeks postinoculation. We did not perform quantitative cultures at this time point, but after noting a qualitative decrease in the number of organisms from the gastric cultures recovered from the ferrets given the mutant strains, we began performing quantitative cultures at 7 or 8 weeks postinoculation. We were then able to compare levels of colonization quantitatively, but the organism had been able to replicate in the gastric mucosa for a significant period of time. Perhaps at just 2 or 4 days postinoculation, the level of colonization in the ferret would have been similar to that found in the piglet. Increasing levels of colonization for both mutant strains of H. pylori were observed in the piglet between 2 and 4 days postinoculation, which is consistent with our results at several weeks postinoculation. However, the lack of persistent colonization in the piglet model at 10 days postinoculation is contrary to our findings in the ferret model.
We found that the double flagellar mutant strain of H. mustelae was unable to colonize at any time point. In the piglet, the double flagellar mutant strain of H. pylori was able to colonize the piglet at 2 days but not 4 and 10 days postinoculation. These results suggest that flagellar motility may be necessary for persistence of infection while nonmotile organisms are eventually cleared from the stomach by the normal process of mucus and epithelial cell turnover.
Flagellar motility is important for colonization of the gastric mucosa by Helicobacter spp. The ability to colonize the ferret stomach and induce gastritis correlated directly with the H. mustelae isogenic flagellar mutant strains' degree of motility. However, H. mustelae strains with weak motility were still able to colonize and persist in the gastric mucosa at reduced levels compared to wild-type H. mustelae strains. These results have implications for the development of treatment and vaccine strategies that may target flagellar motility.
